Abstract. Novel robotic technologies utilised in surgery need assessment for their effects on the user as well as on technical performance. In this paper, the evolution in 'cognitive burden' across visuomotor learning is quantified using a combination of functional near infrared spectroscopy (fNIRS) and graph theory. The results demonstrate escalating costs within the activated cortical network during the intermediate phase of learning which is manifest as an increase in cognitive burden. This innovative application of graph theory and fNIRS enables the economic evaluation of brain behaviour underpinning task execution and how this may be impacted by novel technology and learning. Consequently, this may shed light on how robotic technologies improve human-machine interaction and augment minimally invasive surgical skills acquisition. This work has significant implications for the development and assessment of emergent robotic technologies at cortical level and in elucidating learning-related plasticity in terms of inter-regional cortical connectivity.
Introduction
The use of robots for enhancing surgical performance, particularly for minimally invasive surgery (MIS) has opened a number of new opportunities. In addition to tremor filtration, motion scaling, and virtual fixtures (active constraints), it also provides a natural framework for integrating pre-and intra-operative imaging combined with augmented reality. Recently, the concept of gaze-contingent motor channelling (GCMC) has been proposed as a way of potentially improving hand-eye coordination for certain aspects of surgery where movement impacts on the surgical site, e.g. beating heart surgery or targeted therapy and focused energy delivery of robotically assisted MIS [1] . The method relies on eye gaze and its dynamic pursuit movement to form constraints that can effectively direct hand movements for accurate targeting in the presence of large tissue deformation. It is intuitive that in robotic tasks where surgeons are effectively 'perceptually docked' with their environment [2] , subjectspecific neurocognitive behaviour plays a critical role that influences the final quality of the procedure. The paradigm of neuroergonomics utilizes neuroimaging to assess the impact of undertaking tasks at brain level and uses this information to aid the development of performance enhancing tools [3] . Methods of assessing task-induced mental workload are directed towards the amount of mental resources required versus those available i.e. 'functional segregation' [4] . However, this approach is unable to capture interactions between recruited cortical areas, i.e. 'functional integration.' The concept of 'cognitive burden' relates to the most efficient use of cortical interactions and deviations thereof. Neuroplasticity underpins the learning process [5] , therefore it is necessary to study the evolution of learning related cortical interactions over time.
The purpose of this paper is to evaluate economic changes in a cortical network associated with the acquisition of a complex simulated beating heart procedure with and without the use of GCMC. At each phase of learning, the activated network is evaluated to assess the degree of task-induced cognitive burden.
Functional Near Infrared Spectroscopy (fNIRS) [6, 7] allows for the assessment of brain function in a more realistic human-robotic environment. The prefrontal cortex (PFC) and parietal cortex (PC) are interrogated since a frontoparietal (F-P) network underlies visuomotor tracking [8] . Task evoked brain activation is identified using a classical statistical approach, leading to the construction of an activity guided map. A cortical network defined by phase locked cooperation between channels is analysed in terms of its economy within the graph theory framework to unveil longitudinal fluctuations in task related cognitive burden. In this paper, a novel use of graph theory in the analysis of fNIRS data enables appreciation of the interaction between cortical regions subserving task execution. Ensuing information may be valuable in ensuring that novel technology is beneficial to the user and that performance improvements are not detrimental to other facets of task execution. This study may have potential implications for guiding the design and use of performance enhancing technology not only in surgery but in other safety critical tasks such as aviation. It is hypothesized that performance improvements evoked by GCMC will be secondary to enhanced interaction within a F-P network.
Methods

Subjects, Task Paradigm and fNIRS
A total of 21 healthy right-handed subjects were recruited to track a moving target on a simulated beating heart using a virtual tool controlled by a haptic manipulator (SensAble Tech. MA). Participants performed this without (control group, n=11) or with GCMC (experiment group, n=10). An eyetracking device (Tobii, Sweden) distinguishes the subject's fixation point. This information is used to define the force required to constrain the subject's hand allowing accurate target localization as illustrated in Fig. 1 [1] . A block design experiment was conducted comprising baseline rest (30s), followed by five blocks of the task (20s) and inter trial rest (30s). Performance was determined as the distance from the tool tip to the target (pixels). Subjects undertook task sessions on six separate days. Cortical haemodynamic data was acquired with a fNIRS system (ETG-4000, Hitachi Medical Corp, Japan). Twenty four channels in two 3 x 3 arrays were positioned over the left PC and PFC using the UI Fig. 1 . Experimental set up (central panel) illustrating the moving target (black dot) and the virtual tool (yellow line) controlled by the haptic manipulator. A force (F) proportional to the distance (d) from the tool tip to the fixation point is fed back to the subject (via the haptic manipulator) to diminish this separation [1] . The movement space of the haptic phantom was restricted to 2D as the monitor screen is inherently a 2D space. Optode arrays can be appreciated on the subject's head and the approximate channel location overlain onto a reference atlas for PFC and PC (subplots 1 and 2 respectively). Channels (yellow circles) and optode emitters and detectors (red and blue circles respectively) are displayed in relation to the UI 10/10 coordinate systems [9] . 10-10 system [9] as illustrated in Fig. 1 . Raw optical data was converted into relative changes in oxygenated haemoglobin ( 
Δ
(t-test rank sign, 5% α < ) were determined for each session and channel for each group. Δ decrement with neither species reaching significance. A threshold was then applied to the connected graph, ( ) G C permitting only those links between any two channels representing the activity patterns (A-D), thereby capturing the evolving relationships within an activated F-P network. It is customary to modulate the strength of the activity guided edges according to the statistical significance of the pattern at each of the edge endings. Here we use scales 1, 0.75, 0.75 and 0.5 for patterns A to D respectively, thus:
Cross Correlation and Activity Guided Network Formation
The activity guided brain network is then ( ) G C . This serves as the substrate for calculating the measures of network cost and efficiency. 
Network Efficiency and Cognitive Burden
Excluding self connections (intra-channel) for which the flow of information between neurons is assumed infinite, the cost of a weighted graph or network is defined as per Eq. 3, and the network global efficiency has been defined as in Eq. 4 [10] :
Both quantities, cost and global efficiency are normalised in proportion to the maximum efficiency and cost of a comparable network comprising all possible connections [11] . The economy of a cortical network has been defined as:
From its definition, it is intuitive that the cognitive burden is inversely related to the network economy. Furthermore, if the cost dominates the equation, the cognitive burden will be positive and high. Conversely, if the efficiency dominates the equation, the cognitive burden will be negative and low.
Results
One subject withdrew from the study after the second session and the remaining 20 subjects completed all six sessions conducted over a median of eight days. Fig. 3 illustrates the evolution in F-P excitation across the experiment for gaze-assisted and unassisted learners. Longitudinal changes in brain behaviour may be appreciated as a spatial attenuation in the F-P response and a magnification of excitation within the posterior parietal cortex (PPC). These longitudinal changes appear to occur more rapidly in GCMC enabled learners. Fig. 4 displays the evolution in regional connectivity within the activated F-P network for GCMC-assisted and unassisted learners. During the intermediate phase of learning, a greater number of intra-and inter-regional functional connections are evident, which may reflect formation of new cortical networks. In general, at each phase, a greater number of cortical connections were observed in assisted learners, reflecting the impact of GCMC assistance on F-P connectivity. Fig.  5 depicts the progression of the cost, efficiency and therefore cognitive burden evoked by the task at each time point across learning. Both groups progressed from a region of low cost and low efficiency (session 1) to a region of low cost but increased efficiency (session 6). This is achieved with different network development strategies. Evidently, an escalation in activated network cost accompanies the functional increase in cortical connections during intermediate learning. Furthermore, the magnitude of this cost increase is greater in GCMC-assisted learners, and occurs just after the sessions associated with maximal improvement in technical skill in this group (1 st session accuracy (pixels) median (SD) = 46.3 (22.4); 2 nd session = 30.2 (15.8) ( 0.000 p < ), and significantly better accuracy compared to the control group until practice termination (session 3-6, 0.019, 0.023, 0.001, 0.000 p = ). In contrast to the changes observed in early practice, a reduction in the cognitive burden and an increase in F-P network efficiency seem to define ongoing performance enhancement in late practice (sessions 3-6). 5 . Evolution in the cognitive burden across practice for control (red) and GCMC (blue). The cost efficiency plane (left panel) demonstrates the progression of these parameters across practice sessions (1) (2) (3) (4) (5) (6) and that the foundation for the increase in cognitive burden demonstrated in session 3 (right panel) is due to an increase in cost. By session 6 both groups have migrated to a region indicative of a high efficiency and low cost. GCMC users significantly outperformed the control group in session 3-6 (highlighted yellow).
Discussion and Conclusion
In this paper, we have proposed a novel framework for analysing longitudinal fNIRS data in order to estimate the cognitive burden associated with learning visuomotor tracking. Using this strategy, it has been possible to unveil transformations within an activated F-P network as a result of deliberate practice. Enhanced tracking accuracy is indexed by a functional increase in cognitive burden and attenuation in cortical haemodynamics across a F-P network. More importantly, fundamental differences in the pattern of cortical excitation change and variation in cognitive burden have been exposed depending upon the mode of skills learning. Specifically, GCMC learners demonstrate the greatest increase in network connections and cognitive burden, and more rapid F-P attenuation. Therefore, the technical improvements induced by GCMC over and above unaided learning may be secondary to improved F-P communication. This may have relevance to training on tasks that require precise visuomotor skill and also in the assessment of emergent surgical technologies.
